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I. DEFORMATION MECHANISMS IN BCC MET Al.S 

INTRODUCTION 

During this quarter major emphasis was placed on obtaining goqd 
measurements by means of the potential-drop resistivity method of the 
purity of the single crystal tungsten being produced. At impurity content 
levels of less than about 1 ppm, most chemical and spectrographic · 
techniques become useless. The work of Seraphim, et al. , ( 1) allows one 
to relate the r, or residual resistivity, of a sample at 4. 2°K to the total 
impurity content by the relation c"' 2. 7 (1/r). However, as defects in the 
crystal are also detected by this method, other means must be utilized to 
ensure freedom from defects. The crystals produced by electron- beam 
floating-zone refining are probably free from defects because of the large. 
length to radius ratio, slow growth rate, and lack of rest~aint during 
cooling. X-ray .diffraction photographs have indicated freedom from 
defects such as sub-boundaries by the sharpness of the Laue spots (sub
boundary angles as small as 30' can be detected in this way). 

RESISTIVITY MEASUREMENTS 

By measuring the potential drop along a specimen with a known 
current passing through it, the relative resistance can be determined at 
different temperatures .. The usual practice is to relate the resistance at 
a temperature where thermal lattice vibrations cause a significant contri
bution (conveni.ently chosen as room temperature) to the resistance at a 
temperature low enough to reduce electron-phonon interaction to negli"gible 
levels. The boiling point of liquid helium (4. 2°K) is the lowest temperature 
which can be reached with reasonable ease and economy. The resistance 
at a SUfficiently low temperature will be due to Several factors 1 as 
explained in the section titled "Calculation of Factors Influencing the 
Resistivity Ratio";· however, the only factors subject to external change 
are specimen diameter, interstitial or substitutional impurity content, and 
lattice defects .. The specimen diameter and defects can be controlled so 
that observed differences ·can be relC:LLt!d tu impurity. content . 

.EXPERIMENTAL TECHNIQUE 

Typical specimens are about 2 mm in diameter and 6 to 15 crn·l ong, 
allowing the specimen· and a suitable mounting jig to be immersed in a 
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liquid helium storage dewar which has a 15. 8-mm neck. This eliminates 
the loss of liquid helium during transfer to a special dewar for testing. 
Stainless steel and Micarta or Teflon have many desirable properties for 
use in liquid helium and can he readily machined to the configuratiO"n 
required. Figure 1 is a drawing of the jig showing t.he wiring connections. 
Co.ntact with the specimen is made by spot welding 0. 075 mm (0. 003 in.) 
diam platinum wires to the specimen. These wires are first soldered to 
pins in the Micarta to which are also soldered the lead wires to the switch 
box. Heavy-current lead wires are attached to the specimen at its·botto~ 
end by a Be-Cu spring clip and at the top by soldering them to a piece of 
nickel strip previously spot welded to the specimen. 

The current is supplied from a storage battery at 2, 4, or 6 v and 
maintained constant at a given test temperature by a ballast resistor 
which can be adjusted to maintain the same current at various specimen 
temperatures (Fig. 2). The current is measured with a precision shunt. 
The generation of thermal emf's as much_ as 10 to .100 times the potential 

, to be measured ts· the major p~·o·bie.m· ~f the tests. Low-thermal-emf
producing components are used throughout and the heat-producing ballast 
resistors are kept well away from the rest of the system. A current 
reversing switch is used to change the direction of current flow in the 
specimen so that the thermal emf's can be eliminated from the data reduc
tion by subtracting pairs of readings and dividing the result by 2. For 
example, 

( +2JLv) - ( -40JLv) 
~~~~~--~~ = 

2 
42 = 2lp.v. 
2 

Figure 3 shows the box containing the shunt, reversing switch, and two 
Leeds and Northrup switches for connecting any pair of potential probes to 
the cable leading to the Keithley 148 Nanovoltmeter. This apparatus and 
the Nanovoltmeter. appear capable of measuring r of over 150,000. This 
.was determined on a low-r specimen at a lower current level that gave 
. potential drops of the order of those which would be observed on a specimen 
with a r of rv150,000. 

ANNEALING EXPERIMENTS 

The tungsten single crystal being used in the following resistivity 
experiments (specimen TH-15) was deformed by rolling at a temperature 
of rvl50°C. The crystal was rolled to about a 12o/o reduction of area (RA), 

. 0 . 
heated in air to "'1000 C, and then rolled to a further 12o/o RA. · The 
resistivity ratio of this crystal changed from r = 54,000 before deformation 
to r "'180 following rolling. With the improved technique for gamma . 
measurements described above, an examination of annealing of cold-work 
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damage in a tungsten single crystal was started. The material chosen was 
the warm- rolled crystal described above. The r was determined in the 
manner previously described. T?-e sample was annealed for 30 min at a 
series of increasing temperatures and r determined between each anneal. 

Liquid baths were planned for the annealing experiment to ensure the. 
rapid rise to temperature of a specimen placed in such a bath. Also, it 
was hoped that by excluding air the contamination of the specimen could be 
minimized and surface effects interfering with welding of the potential l,eads 
could be prevented. Boiling water ( 100°C) was used for the first tempe.ra-o . 
ture bath. For the temperature range up to 300 C diglycol laurat.e was 
chosen as. the bath liquid; however, it tended to break down when heated for 
extended periods and was subsequently used only to 260°C. For the next . · 
range of temperatures, a NaN02-KN03 salt bath was used. Below about 
350°C the salt has little effect on the tungsten; however, at 385°C the bath 
removed about 0. 06 mm from the surface of the crystal during the anneal, 
and some crystallographic etching seemed to be occurring. The r decreased 
about 2o/o also. Lead baths are in use above 350° C and will be used up 

0 
to about 1000 C. Some

0 
lead and dross adheres to the specimen on· removal, 

but a ·30·-sec dip at 335 Gin the ·salt'bath used previously cleans the ·· 
specimen. 

It was decided to perform resistivity studies on deformed tungsten 
for several reasons: first, to evaluate and debug the equipment which had 
been constructed for this purpose; second, to determine suitable methods 
of annealing the specimens without introducing impurities; and third, to 
obtain isochronal annealing curves for deformed tungsten which could serve 
as a basis of comparison for the irradiated crystals. Details of the 
measurements are contained in Table 1. The measurements are presented 
in the form of resistivity ratios, r, defined as the ratio of resistance at 
273°K to that at 4. 2°K. This quantity is more convenient to use than the 
absolute resistance, since by using the ;ratio of the measurements at the 
two temperatures, the shape factor, which must be considered in determining 
the absolute resistivity, cancels for all practical purposes. This point 
has been discus sed by Kunzler and Wernick. ( 2) 

Since measurements at 77°K had been considered for this work, it 
was also, in part, the object of these first experiments to evalu3te and 
compare results at this temperature with those obtained at 4. 2 K. The 
77°K measurements are also presented in Table 1. The measurements 
have been extended to 543°C; however, the scatter in results at 77°K 

0 
compared with that at 4. 2 K is obvious. Since the newly constructed 
apparatus conserves helium, all future measurements will be performed 

0 0 
at 4. 2 K. Measurements made at 4. 2 K, of course, also have the added 
advantage that scattering of conduction electrons. by thermal phonons is 
reduced to low levels. The difference may be seen by comparing r 770K 
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Table 1 

ISOCHRONAL ANNEAL OF ROLLED SINGLE 
CRYSTAL TUNGSTEN (TH-15) 

(Current 1 arnp; probe spacing "'4. 5 em) 

Conditions r r ~c: X 103 
77 4.2 P4.2 

As-grownS:. 10.0 ......,54,000 0.02 
Rolled ......,20% 9.0 182 5.52 
30 min anneal at 

100°C 8.65 181 5.56 
230 9.68 185 5.44 
275 9. 10 186 5.40 
308 ---- 187 5.38 
336 8.92 187 .· 5.38 
384 9. 10 176 5.72 
382 8.9 177 5.68 
425 9.2 201 5.00 
454 9 .. 0 1 227 4.43 
473 9. 13 249 4.·03 
505 9.35 269 . 3. 74 
543 .9.23 272 3.70 

a. 6 -current amp. 
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with r· 4.ZoK in Table 1. Measurements of the annealing-out of defects 
·with temperature· are usually presented in a dimensionless form such as 

( 1) 

where R4. 2oK is the absolute resistivity at 4. 2°K, and R273oK is the 
absolute resistivity at 273?K .. However, since our measurements are in 
the fo:rrn of resistivity ratios, r = R 273o:K/R 4 . 2oK' Eq. (1) can be simply 
transposed to 

1 
(2) p - (r - 1) • 

This quantity has been· given in Table 1 and is also plotted versus annealing 
temperature in Fig. 4. The anneai at 384 ° C in the salt bath resulted in 

·pitting of the specimen and an increase in ·P,~ .. The increase in p,~ may well 
be associated with the pickup of foreign matter. This will not be known 
until the sample has been annealed at very high temperatures ("'2500°C), 
which should restore the original measured r of "'54, 000. ·As previously 
discussed, measurements above 384°C have been performed in a lead 
bath and the quantity p>:( can be seen to have decreased in the expected 
fashiog. The temperature range of the recovery for this specimen (400° 
to 500 C) appears to be about the same as that previously reported by 
Schultz( 3) for cold-worked tungsten .. This reported stage III recovery. 
appeared to be· completed at "'475°C~. The annealing rates (L::.T/t) for the 
two cases were similar (Schultz( 3) ""'1. 3, and this work "'0. 8 3) . 

. A point of considerable interest, .and one briefly covered in the last 
annual summary report, GA-5734, (4 ) was.the influence of variables such 
as scattering of conduction electrons at the surface on .the me.asured values 
of r. Th~s is known to be extremely i:niportant for small-diameter samples 
and especially so for samples of l1.igh purity. The following calculations 
w:ere performed in order to obtain a more. realistic value for r; .and hence 
impurity content. 

CALCULATION OF FACTORS INFLUENCI!)TG THE RESISTIVITY RATIO 

The resistance ratio, r(T) = p(T)/p(273°K), of the electron-beam 
zone-refined tungsten single crystal used in the rolling experiment 
(specimen TH-15) was measured ·at liquid helium temperature. The experi
mental sample was approximately a cylinder with a diameter of 0. 216 em, 
and the experimental current was approximately 6A; the result is r(4. 2°K) = 
1/54,000. The question is: To what extent is the observed electrical 
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resistivity determined by 

a. Atomic imperfections and other mechanical defects such as 
dislo~ations; 

b. Orbital scattering of conduction electrons at displaced atoms 

and on impurities at the surface of the crystal; 

c. Scattering of conduction electrons by thermal phonons; 

d. Coulomb scattering of conduction electrons by one another? 

In order to find, from the observed r~sistivity value at 4. 2°K, the 
residual resistivity of the bulk material, p0 , which is a measure for the 
impurity of the material and for the mechanical defects in the lattice, one. 
must evaluate (b), (c), and (d) above. To this end let us write.the total 
resistivity of a fransition metal in the form 

.. ( 3) 

where Po and p 1 are temperature independent and correspond to (a) and,(b), 
resp.ectively, and where Pph and Ps-d are temperature dependent and 
correspond to (c) and (d), respectively. The last term, .6.Pol is the 
temperature- dependent deviation from Matthies sen 1 s rule. We shall 
discuss the different contributions to p in terms of a simple model for the 
electronic structure of a 5d transition metal, namely, Mott 1 s isotropic 
two-band model.(5) It presumes that for all directions in momentum 
s.pace, the Fermi surface cuts the same 6s- and 5d-like branch ofthe 
conduction or valence bands. Strictly speaking, this is not the case, as 
one knows fbom the branch.:.·structure calculations of Manning ·and · 
Ghodorow. ( ) Since, however·, the electrical resistivity in a. zero magnetic 
field is an isotropic tensor, the simple two- band model works quite well 
for this transport coefficient. Explicit formulas for Pph and Ps-d can be 
found in the literature.(?)(H) The.thhd temperature-dependent part of p, 
the deviation 6p0 1 (> 0) from Matthies sen 1 s rule, has also been calculated 
for the two-band model. (9) 

First, let us· assess the temperature-dependent resistivities at 
4. 2°K. It is readily seen that 

P . << 4 2°K p d at . · , 
s-ph s-

or, corr:espondingly, that the mean free path of s -electrons due to phonon 

scattering, .is-ph• is much greater than .&s-d• where _.is-dis the m.ean free 
path of s-electrons due to Coulomb scattering by d-electrons. The same 
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holds for d- electrons. With 

1 
---= 

2 
n e £ 

s s-ph = AT-5 
··.,. (T << a.· 

D p 
s-ph m u r 

s s~ 

where ns is the concentration of s-electrons and ms and u
8

s are ·their 
effective mass and Fermi velocity, respectively, we have 

£ 
s-ph 

(with T in °K), 

provided we take the following parameter values: 

A (exp)t" = 1.63·x 10 15n-loK5 

n = 3. 2 X 1022 -3 tt em , 
s 

u = 10 8 em/ sec, 
ss 

m = m (electron rest mass). 
s 

(4) 

(5) 

(6) 

The mean free path of s-electrons due to Coulomb scattering by d-electrons 
is given by( 8) 

( 7) 

where nd is the concentration of d- electrons, Q is a collision cross 
section of the order of the square of the screening radius, Urel is an 
average relative velocity for electron~ at the Fermi surface, and A is an 
energy which measures the overlap of the s-and d-bands. The T 2 depen
dence of Ps-d corresponding to Eq. (7) has a.lso been observed by Berthel;(lO) · 
its physical origin was, however, not recognized. With 

l B 
= 2' 

Ps-d T 
( 8) 

fsee Ref. 10. The author has observed a T 5 dependence o( Pph ::::_ Ps-ph 
for 18°K ~ T ~ 30°K. At 20°K, Ps-ph/p(273) = 3. 7 X 10-4 . With p(273)= 
5. 3 X 1 o- em one has the above value for A. 

ttit is assumed that ns = nci = 1/2 times the number of atoms per cm3 

With a lattice constant a= 3. IS X lo- 8 em, and with 2 atoms per unit cell 
(bee) one is led to the above value of ns. 

I 
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one fi:nds from Berthel's data that Bexp = 1..09 x 1012 n- 1 cm- 1 °K2 . The 
T-dependence of the corresponding free path is given by 

24 
P,s-d = 2 em ' 

T 
(9) 

with Tin °K. At 4. 2°K one has P,s-ph.:::. 10/,s-d· As for the third 
temperature-dependent contribution top, . .6.Pol(T), it has been discussed, 
together with experimental data on cold.,.worked tungsten, in great detail 
by Krautz and Schultz. ( 11) From their work it can be seen that our single 
crystal, TH~ 15, is sufficiently pure to justify the approximate relation 
given by· 

. .6.p0l(T) = Y(P h + p d)"' s-p s-
{10) 

where 

l(A.-IJ-)2 Y=p: l+A. 
with 

p + p : 
s;..ph '. s-d. 

IJ.=p +p • 
d-ph d-s 

Krautz and Schultz find that Y depends only slightly on the residual resis
.tivity PO = Ps(O) + Pd(O); for their best sample Y = 1.13. If we take Y = 1, 
the .total temperature-dependent resistivity at low temperature is given by 
Eqs. (4), (8'), and ( 10): 

. 2 .· 2 
p h + p d .. + .6.p0 1·::: B T .• s-p s- . . . ( 11) 

. i 

At T = 4 •. 2°K the .right-hand side is equal to 3. 22 X 10- 11 S1 em. 

The temperature-independent part of p is found by subtraG:ting the 
resistivity value gi.ven by Eq; ( 11): from f>e·~p(4'. 2?ti<.)'::;: ·p(273)/"54;ooo·= 
0. 98 X 10-lO S1 em: 

- 1 1 
p O + p l = 6. 6 X 10 S1 em . . (12) 

In order to find Po, the resistivity due to surface scattering,. p 1, must be 
estimated .. The experimental sample ha:s approximately the geometrical 
form· of a thin wire with a radius of 0. 108 em. The surface resistivity of 
a thin wire has been evaluated by Nordheim{l 2 ) and by Dingle.< 13)_ The 
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pertinent parameter is 

k = 2r/.£
0

, . ( 13) 
/ 

where .£ 0 is the free path corresponding to P·o- -i.e., the residual resistivity 
of the bulk material. Po is given by 

2 
n e .£ 

1 1 1 s 0 
= :::-- +--,,_ 

Po 
,,, 

Pso _P dO m u 
sl; s 

( 14) 

' where, by definition, 

(15) 

U one knows -p 1 ~k), then Eq. (12), in principle.,. determines PJo. In order 
to find .£ 0 experimentally, one measures, at a given temperature, the 
residual resistivities of wires with different diameters. Without such 
data we can roughly estimate p 1 with the help of tabulated values for the 
surface resistivity, which are found in Dingle• s paper. His formula 
(16. 3) reads 

Po 2 
---= (1- e) 
P1 +Po . 

()) 

l: 
n=1 

[ 
p ~ n-1 0 

ne . (nk) , 
p 1 + p 0 E =0 

. ( 16) 

where e = 0 for diffuse and e = 1 for specular surface scattering. Since 
.£o > 0.165 em (Eq. (12)), one has k <: 1. 3. Assuming that k = 1. 3 and that 
e = 0, one finds with Dingle 1's numerical data the following result: 

Po 
--- = 0.55. 
P 1 + Po 

( 17) 

Hence, 45% of the residual resistivity at T = b is caused by surface 
scattering. For the tungsten single crystal the residual resistivity of the 
bulk material is given by Po (TH-15)=3. 6 X 10-ll Q em. The corresponding 
value of p( 273) /p 0 = 147,000. This number should be reliable within· ±40.%. 

If one now assumes the corrected value. ofT·= 147:,000 to be a mea- . 
sure of electrons scattered by impurities, and mechanical defects to be a 
measure of the c<;>rresponding concentrations of impurities, the relationship 
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c< atom-o/o , 

yields C"' 1. 8 X lo- 7 atom-o/o .. This is sufficiently low to permit the 
study of neutron damage per se. 

MECHANICAL PROPERTY MEASUREMENTS AND IRRADIATIONS 

(18} 

The studies of irradiated tungsten crystals include measurements of 
the changes in mechanical properties due to irradiation and their recovery 
with annealing. 

The proportional limit is known to be sensitive to specimen align
ment. For this reason, during the last quarter universal knife edges have 
been designed and constructed to ensure axial alignment of the specimens 
during testing. Figure 5 presents drawings of the designed unit, and 

. Fig. 6 shows a specimen installed in the grips with the strain-gauge 
exten someter in place. 

Evaluation is presently in progress. Two tests have been performed 
. on tungsten crystals which had been welded into stainless steel grips; 
however, these crystals fractured at the welds at low stresses. Examina

. tion revealed that a reaction of some type had occurred between the 
tungsten and the stainless steel. The use of stainless steel end grips has 
been discontinued. 

Zone refining of tungsten crystals is continuing and new irradiation 
capsules are being planned to cover additional dose ranges. 

·The first irradiation capsule( 4 ) has been discharged from LITR and 
should be received at General Atomic shortly. The integrated dose based 
on reactor operating history was l. 6 X 10 19 nvt. The capsule contains 
monitor wires of iron and titanium, and they will be counted on receipt in 
order to independently determine the dose. 
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Fig. 6-- Universal knife edge joints with specimen and extensometer 



IL DISLOCATION DYNAMICS 

·INTRODUCTION 

A new method of measurement of mechanical- strain relaxation is 
described and applied to the problem of determining the stress-dislocation 
strain curve of a bee transition metal- -Nb. The method enables the 
dislocation-relaxation spectrum of a specimen to be measured over a wide 
range of temperatures and, hence, relaxation.times. Perhaps the most 
important feature of this method is that it enables the dislocation strain 
component to be completely extracted from the total observed strain, even 
for very small (tnicro) strains. Thus, for the first time a frue stress
dislocation strain curve can be measured. It is shown by this method that 
there exist several "micro-yield" points prior to the usual mac_ro-yield 
point.· Finally,· this method is used on several other bee transition metals 
(W, Fe, Ta) to show the similarities in the relaxation structures of these 
metals. 

In all of the bee transition metals there exist two main dislocation 
relaxations,. a low-temperature relaxation which will be referred to as the 
L relaxation ,• arid a high-temperature relaxation or H relaxation .. The a 
and f3 relaxations discovered previously by internal friction methods( 14 ) 
are shown to be the fine structure of the L relaxation, whereas the Y 
relaxation is identified with.the H relaxation. The total amount of disloca
tion strain ccmtributed by the L relaxation is shown to be limited or 
restricted to about 1 to 5 X lo- 4 , depending on the impurity concentration 
and previous mechanical history. ThP. H :relaxation is shown to control 
gross plastic flow near room temperature .. The practical aspects of these 
relaxations are discu~ sed in terms of their relevance to the duc.tile -brittle 
transition problems. 

THE CONSTANT-TEMPERATURE-RISE STRAIN RELAXATION 
(CTRSR) METHOD 

This method of ·making microstrain measurements was first described 
by R, H. Chambers in an invited paper at the February, 1964, AIME. 
Meeting in New York.(l5) 

The method consists of first taking a specimen to as low a tem,perc;~,-o 0 - -
ture as possible (4. 2 or 50 K), then loading the specimen to a given 

16 
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stress. (In all the measurements discus sed below the torsional-deformation 
mode is used, but the method is, in principle, applicable to any deformation 
mode.) After loading, the specimen is heated at a constant temperature 
rate and measurements are made of the resulting deformation as a function 
of time (and hence, of temperature). The curve of strain versus tempera
ture which results from these measurements will be called a ••stressed
strain release•• (S-SR) curve. If, instead of strain, a quantity like energy 
we,re peing measured, the S-SR curve would resemble a stored-energy 
release curve .. In Fig. 7 is shown a schematic S -SR curve; at several 
temperatures there exist 11 steps 11 in the strain--corresponding to a parti
cular strain release. The most important features associated with the 
S-SR curves are the average temperatures of the releases, the breadth in 
temperature of a particular release, and the t.otal amount of strain in each 
release. A further important variable is the size of the initial applied 
stress. In Fig. 8 is shown a composite of a number of CTRSR runs in Nb 
(specimen TF-2),where each S-SR curve was made with a different applied 
stress. It is important to note that the specimen measured in Fig. 8 had 
received a prestrain of "-'20% and that the total strains accrued during the 
CTRSR runs did not exceed 1%. As a result of this large prestrain, ·reruns 
of S-SR curves at various stresses were reproducible. 

Figure 8 shows that as the applied stress is increased, the total 
amount of strain released increases, as would be expected .. The major 
strain releases can be seen to be located in this Nb specimen near l00°K 
(the L release) and 230°K (the H release). The L release is very broad, 
extending from 50°K up to nearly 150°K. On the other hand, the H release 
is relatively narrow, starting near 210°K and extending up to 250°K. 
Another important feature is shown in Fig. 8. There is a threshold stress,,. 
T c, which if not exceeded will not produce large amounts of plastic flow, 
even at h~~her temperat':res. Iri the specim-en shown in Fig. 8, this .Tc is 
"'13 X 10 G, where G 1s the. shear modulus of Nb. When stresses 1n . 
exceSS OfT C are applied at low temperature, large amounts Of plastic flow 
begin on reaching .the H-release temperature. Furthermore, it can be 
seen that the greater the applied stress, the lower the temperature becomes 
where large amounts of plastic flow occur. Also, careful examination of 
the L-release region shows that the amount of strain produced in this 
region does not increase as fast as the applied stress. Thus, the mechani
cal behaviors of the L.and H reiaxations are markedly different from-one 
another. 

In Fig. 9 is shown another·type of CTRSR run designed to separate 
the elastic and dislocation components of strain. Curve 11 a 11 ·was derived 
as described above, and for a particular applied stress, it gives the total 
strain accrued throughout the temperature interva~ 50° to 300°K. Curve 
11b 11 was obtained following curve 11 a 11 when on reaching 300°K the tempera
ture was lowered quickly to the original starting te.mperature ( 50°K), 
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Fig. 7- -Schema.tic of the CTRSR method 
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while still maintaining the same stress used to obtain curve "a.'' Following 
this reduction in temperature to 50°K, .the mechanical zero was adjusted 
to .agree with the starting ];>Oint used for curve "a" and then the temperature 
was increased again at the same fixed rate as for curve "a." The re sulbng 
curve of deflection versus temperature is curve "b." If this .last .procedure 
is repeated several times, curve "b" is still obtained. Thus, the curve
"b" state is co:rp.pletely reversible. Measure·ments of the slope of strain 

. versus temperature of curve "b" agree well with measurements of the 
temperature dependence of.the shear modulus of Nb; thus, curve "b" 
represents the strictly elastic component of strain. By subtracting curve 
"b" from curve "a," the temperature dependence of.the dislocation strain 
may be obtained. Also shown in Fig. 9 are "a" and "b" curves measured 
at higher stresses. As can be seen from these measurements, when the 
applied stress exceeds a certain critical value, T c, the "b"-type measure
ment shows evidence of plastic deformation when the temperature becomes 
high enough. At these temperatures curves "a" and "b" tend to join .. It 
is clear that the "b" -type measurements represent a kind of steady- state 
type of "creep" in which the strain seen in the "a"-type measurement has 
been exhausted. Thus, one would expect a "b" -type curve to obey the 
thermally activated equation 

. e . [ . H~~ ( o- , T )l 
.e d = o exp - kT 'j ' (19) 

where e dis the dislocation strain rate determined U~ing .the -method· described 
above and the relation 

de d de d 
=--=--X 

dt dT 
dT 
dt 

(20) 

I 
. 0 -1 

where dT dt is the constant heating rate used (0. 03 K sec ). Plots of 
ln e d versus 1 IT obtained from data in Fig. 9 show very good straight 
lines over temperature intervals of 40° to 50°K near 250°K. The activation 
energies obtained show ( 1) dependence on the applied stress that is consis
tent with the stress-assisted nature of the thermally activated processes 
under study, and (2) that the limiting energy H 0 of the process active near 
230°K is "'0. 8 ev. Thus, these measurements have .been able to provide 
values of the average activation energy of the H process as well as to 
isolate the strictly dislocation strain component. 

Returning again to Fig. 8, it is of interest to plot the isotherms 
derivable from this plot. Thus, if 100°K is chosen, one can obtain from 

·Fig. 8 the stress versus microstrain curve for that temperature. In 
Fig. 10 is plotted a series of these isotherms starting from 80°K and 
extending up to "'300°K. Since all of these data were taken at a constant 
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heating rate, dT I dt, and dE dl dt = dE dl dT ,x dT I dt, theil. the dislocation
strain rate associated with these stress-microstrain curves is proportional 
to the slope dE dl dT 011 Fig. 8. Since dE d/dT remains bounded to within 
about one order of magnitude, the dislocation- strain rate can be considered 
to be known within one order of magnitude. For the curves in Fig. 10, the 
average dislocation strain rate is ""10 -7 sec - 1 . 

Several im2ortant features should be noted in Fig. 10: At tempera
tures above rv220°K, the stress-dislocation strain curves resemble the 
parabolic flow behavior of a metal like aluminum; no yield point is 
observable.· Below 200°K, there develops an apparent "hardening" which 
increases as the temperature is decreased .. This hardening increases in 
n1.agnitude so rn.uch that at 80°K it completely obscures the initial flow 
region. It is important to observe that although the stress-dislocation 
strain curves below 200°K show an increase in the ~tress necessary to 
produce large amounts of dislocation. strain,. this increase is reversible. 
Thus, if the stress at, say, 120°K is reduced to zero and reapplied in the 
opposite sense (right-hand twist versus left-hand twis't), the same stress- \ 
dislocation strain curve is reproduced with the signs of the stress and 
strain reversed. If the source of the increase in stress (hardening) to 
produce plastic flow below 200°K were due to an increase in dislocation 
density or other mechanical state change which is essentially irreversible, 
then one would not expect to be able to reproduce the stress-dislocation 
strain curves. On the basis of the reproducibility of these curves, the 
explanation of the increased stress must lie in some essentially reversible 
mechan~§.m, such as a nonlinear elastic response of dislocations. 

It is proposed to explain the above phenomena in terms of the ~ulti
component model of dislocation motion outlined previously. ( 14 ). In t~rms 
of this model, L-type dislocations. are restricted in their motions at low 
temperatures by barriers formed by H-type dislocations which are "frozen 
in" at these temperatures. The initial "easy flow" observed at low temper
atures (below 200°K in the above experiment) is due to the movement: of 
the L-type dislocations. These dislocations are exhausted as they run up 
against the H.,.barriers and thus contribute qnly a limited amount 9f plastic 
·now strain (""2 X l0- 4 ); the stress necessary to produce further plastic 
flow increases until the· H-type dislocations can be stress-assisted to move 
at the low temperature. Until the H-type dislocations move, the movement 
of the L-type dislocations can be considered to take place under nonlinear 
elastic constraints. 

The following two questions are related to the above discussion and 
are currently under investigation: . ( 1) What is the nature of each of the 
major dislocation types ( L and H)? ( 2) How general is the behavior des
cribed above? 
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In Fig. ll is se:en an answer to the second question: CTRSR runs 
were made on Ta, Nb, W, and Fe,· and are plotted as log e versus T in 
Fig. 11 in order to accentuate the detail at small strains. It can be seen 
.that all of these bee transition metals exhibit L and H relaxations. Perhaps 
the most noteworthy effects are the very low temperatures of the Lprocess 
in Fe compared with the other metals, and .the relatively high temperature 
of the H process in w .. It is believedthat closer examination of these 
metals using the CTRSR technique would be useful in ex.plaining their 
mechanical properties in terms of the multicomponent model. 

At the present time the best estimate of the nature of the dislocations 
'b . h . h d . 1' (1 4 ) contr1 utlng to eac process 1st at use 1n an ear 1er report · · to 

describe the a,~. andY processes: a and~. (L processes) are associated 
with edge and edge-screw dislocations, andY (H processes) are associated 
with screw dislocations. 
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